Objective Increasing evidence suggests that some neurodegenerative disorders, such as Parkinson's disease, are inversely related to cancer. Few epidemiologic studies have examined the relationship between cancer and amyotrophic lateral sclerosis (ALS), another major neurodegenerative disease. This study addresses that gap. Methods Using data from 16 population-based cancer registries of the Surveillance, Epidemiology, and End Results (SEER) Program of the U.S. National Cancer Institute and death certificates, we followed 2.7 million cancer survivors who were diagnosed between 1973 and 2007, and who survived at least 1 year following cancer diagnosis. The standardized mortality ratio (SMR) of observed to expected ALS deaths in cancer survivors was calculated. Conclusions Cancer at certain sites may be related to risk of ALS death. Possible biologic factors linking ALS to these cancers are discussed. Future studies should attempt to confirm these associations using incident ALS outcomes. Establishing relationships between cancer and neurodegenerative diseases, such as ALS, opens new opportunities for understanding related pathophysiologic and therapeutic possibilities for these diseases.
Introduction
Neurodegeneration and carcinogenesis appear to involve highly disparate pathophysiologic mechanisms-neurodegeneration results in irreversible cell death, whereas cells are resistant to death in carcinogenesis. Increasing evidence suggests that some neurodegenerative diseases such as Parkinson's disease (PD), and possibly Alzheimer's disease (AD), are inversely related to many cancers, but may have increased risk for certain other cancers [1] [2] [3] [4] [5] [6] [7] [8] [9] . Exploring the relationship between cancer and neurodegenerative diseases could provide new clues relevant to the etiologies and potential therapies for both sets of conditions.
Few epidemiologic studies have examined the relationship between cancer and amyotrophic lateral sclerosis (ALS), another major neurodegenerative disease [10] [11] [12] [13] [14] [15] . ALS is a progressive disease characterized by degeneration of motor neurons that results in increasing weakness and death [16] . Survival is generally short, with about one-half dying 2-3 years after diagnosis [17] [18] [19] [20] , and only about 5-10 % surviving ten or more years [21] . Most studies of ALS and cancer have involved small numbers of subjects [12] [13] [14] [15] . Thus, these studies have had insufficient statistical power to examine relationships between ALS and specific types of cancer.
The primary purpose of this study is to examine the relationship between ALS and total cancer as well as sitespecific cancer in the National Cancer Institute (NCI) Surveillance, Epidemiology and End Results (SEER) Program. This study updates a prior SEER study of cancer and ALS [10] . The current study includes more than 2.7 million incident cancer cases and 1,216 deaths due to ALS, thus incorporating an additional 656 ALS deaths and extending follow-up by eight years. This study thus provides substantially greater statistical power to examine risk by specific cancer sites and allows analysis by time interval after cancer diagnosis, as well as by sex.
Materials and methods
We obtained cancer incidence data from the NCI's SEER Program from 1 January 1973 through 31 December 2007. Patient and population data were derived from the SEER 9 Registries Database (covering Connecticut, Hawaii, Iowa, New Mexico, Utah, Atlanta, Detroit, San Francisco-Oakland, and Seattle-Puget Sound), three additional registries added in 1 January 1992 (Los Angeles, San-Jose Monterey, and Rural Georgia), and New Jersey, Kentucky, Louisiana, and Greater California, added to the SEER program in 2000. Data collected include primary tumor site, morphology, and stage of diagnosis. SEER registries follow patients annually for survival status. Cancer site categories were based on primary cancer site definitions, as used in the SEER monograph on New Malignancies among Cancer Survivors [22] . Only cancer sites in which there were 20 or more subsequent ALS deaths were included, with the exception of tongue cancer (with 14 ALS deaths), which was included because it had previously been associated with ALS mortality [10] .
Although ALS affects all racial and ethnic groups, this study was limited to whites because of the small numbers of ALS deaths among other racial/ethnic groups in these registries. The Alaska registry was excluded because it is limited to American Indians/Alaskan Natives. The 16 remaining registries currently cover about 23 % of the U.S. white population [http://seer.cancer.gov/registries/data.html].
Quality assurance is maintained through on-site monitoring, data editing, case-finding audits, re-abstracting of cases, and various educational programs [23] . SEER has established a case ascertainment rate of 98 %, a follow-up rate of 95 % [23] , and overall microscopic diagnostic confirmation rate of more than 98 %.
Person-years at risk were accumulated for each subject beginning 1 year after cancer diagnosis to exclude the initial postdiagnosis period when the likelihood of reporting a cause of death other than cancer might compete with the cancer diagnosis. Person-years were counted until the date of death, date last known alive, date lost to follow-up, or 31 December 2007, whichever occurred first. Cause of death in SEER was provided by each state's vital records department.
We characterized observed deaths due to ALS (as an underlying cause of death) among subjects in the SEER database based on the classifications ICD-8 348.0, ICD-9 335.2, and ICD-10 G12.2. Although the latter two categories correspond to motor neuron disease (MND), ALS is the main subtype and accounts for about 90 % of MND deaths [24] .
The expected number of deaths from ALS was calculated by applying the 5 year age, 5 year calendar period, and sexspecific ALS mortality rate in the SEER registry regions to the person-years at risk for each type of cancer diagnosis in the SEER database. The total observed (O) and expected numbers of ALS deaths for each stratum were then totaled. We calculated the standardized mortality ratio (SMR) for each cancer site as the ratio of the observed number of ALS deaths to the expected number of deaths and calculated exact (two-sided) 95 % confidence intervals (CI), assuming a Poisson distribution of the observed deaths.
ALS mortality risks were also analyzed over three time intervals following cancer diagnosis, that is, 1-4 years; 5-9 years; and C10 years, to allow additional examination of the likelihood that ALS diagnosis preceded the cancer diagnosis. Risks by cancer site were also analyzed separately by sex.
Results
A total of 1,216 ALS deaths were reported among 1 year survivors of cancer over 16.6 million person-years of follow-up, including 7.5 million person-years in men and 9.1 million in women. The average duration of follow-up was 6.1 years.
Among survivors of all types of cancer combined, the risk of death due to ALS was not increased [SMR = 1.00 (95 % CI = 0.95-1.06)] (Table 1 ). There were, however, relationships between ALS mortality risk and specific cancer diagnoses. ALS deaths in persons with melanoma were significantly increased [SMR = 1.49 (O = 78, 95 % CI = 1.17-1.85)] ( Table 1 ). The mortality risk was elevated in each of the time intervals after cancer diagnosis, and the total ALS mortality risk for melanoma was nearly identical in men (O = 50, SMR = 1.49) and in women (O = 28, SMR = 1.48) ( Table 2 ). There was no apparent difference in risk by melanoma histology, but only 43 subjects died of ALS with an identified melanoma histology (data not shown), so the opportunity to examine risk by histology was limited.
The risk of ALS death was also significantly elevated after tongue cancer (86 % of which were squamous cell carcinomas) [SMR = 2.57 (95 % CI = 1.41-4.32)] (Table 1) . Here, too, the risk was elevated in each of the time intervals after cancer diagnosis, and the risks were similar in men and women (SMR = 2.37 vs. 3.03, respectively) ( Table 2 ). When tongue cancer was grouped with other oral cancers, there was no statistically significant relationship between combined oral squamous cell carcinomas (i.e., cancers of the tongue, gum, and mouth) and risk of ALS death (data not shown).
The only cancer site inversely associated with ALS death was prostate cancer, with an overall risk of ALS death of 0.86 (O = 289, 95 % CI = 0.76-0.96) ( Table 1 ).
The inverse association was strengthened as time from cancer diagnosis increased. When we stratified prostate cancer cases before and after the introduction of PSA screening [25] , we found similar inverse associations with ALS death in both strata: B1987, SMR = 0.81 (O = 42, 95 % CI = 0.58-1.09); [1987, SMR = 0.87 (O = 247, 95 % CI = 0.76-0.98).
Discussion
In this SEER database with more than 16 million personyears of follow-up after a primary cancer, we found that ALS mortality risk was significantly elevated for survivors of melanoma and of tongue cancer. We also observed a significantly inverse association between prostate cancer and ALS death. ALS mortality was not associated with total cancer incidence. These results are consistent with the earlier results reported for ALS mortality after cancer based on the more limited SEER data [10] . In the earlier report, we also found no overall association between cancer and ALS, but did find adverse associations with melanoma and tongue cancer and a nonsignificant suggestion of an inverse association with prostate cancer. The much larger numbers of events in the current study permit greater precision in the results, the power to identify the significant inverse association with prostate cancer, as well as the opportunity to investigate the consistency of associations by gender and across time intervals.
The elevated ALS risk associated with melanoma has previously been observed in Australia [11, 26] . The pattern of SMR's by period of time after melanoma diagnosis indicates that the adverse association persists long after the melanoma diagnosis and is comparable in both genders, thus adding to the evidence that the two diseases are associated. In general, adverse associations in relation to subsequent ALS mortality (such as for melanoma and also tongue cancer) may suggest factors that elevate or decrease risks for both the cancer and ALS, or, alternatively, could indicate an effect of cancer therapy on ALS risk. Although speculative, one possible etiologic link between the disorders relates to the role of metabotropic glutamate receptors. Glutamate, a major neurotransmitter in mammals, and its receptors have been implicated in neurodegenerative pathology, including that of ALS [27] . Riluzole, which is the only drug approved by U.S. Food and Drug Administration for ALS treatment [27] , has been shown to interfere with signaling from mGluR1 [28] , one type of metabotropic glutamate receptor. Glutamate receptor subunits are expressed in several tumors, including melanoma [29] . In a study of human melanoma biopsy samples, ectopic expression of mGluR1 was identified in 60 % of samples, but not in normal skin [28, 30] . A preliminary trial of riluzole and advanced melanoma found that in several patients riluzole suppressed metabolic activity and inhibited signaling through the MAPK and p13/AKT pathways in vivo [31] . Although a phase II trial showed no Response Evaluation Criteria in Solid Tumors (RECIST), there was a suggestion of modest antitumor activity [28] . Cavalheiro and Olney [32] speculate that if glutamate signaling plays a role in carcinogenesis, other glutamate antagonist drugs that have been found unsuitable for treating neuropsychiatric conditions may become therapeutic alternatives for some cancers.
ALS is a disease of relatively selective motor neuron vulnerability, but there has been evidence of cutaneous changes that coincide with neurodegeneration. These changes do not appear to be a secondary consequence of the weight loss and muscular atrophy accompanying the disease process [33] [34] [35] [36] . Investigators have noted skin changes in the amount and characteristics of collagen [33] [34] [35] [36] and increased expression of neurotrophic factors, such as insulin-like growth factor 1 (IGF-1) [33] [34] [35] [36] , as well as vascular endothelial growth factor (VEGF) [33] , transactivation-responsive DNA-binding protein-43 (TDP-43) [33] , progranulin [33] , and hepatocyte growth factor (HGF) [36] . Some of these, such as HGF, may be related to both neuronal survival [36] and tumorigenesis. [37] These cutaneous changes, particularly involving growth factors, suggest there may be other connections between melanoma and ALS.
The risk of ALS was also elevated following tongue cancer, and the relationship was not limited to the first few years after cancer diagnosis, although the number of cases for each time period was small. As with melanoma, glutamate receptor expression has been observed in oral squamous cell carcinoma [29, 38] . However, the absence of a relationship between ALS death and combined oral squamous cell carcinomas does not support a glutamate receptor connection. It is uncertain whether unidentified factors or possibly chance accounts for the tongue cancer/ ALS relationship.
The inverse relationship observed between prostate cancer and ALS was strengthened as time from prostate cancer diagnosis to ALS death lengthened. The likelihood that the cancer competes with ALS as a cause of death should decrease, not increase, over time from cancer diagnosis. Moreover, while more indolent prostate cancer cases would be expected in the PSA era, we found little difference in the inverse association between pre-and post-PSA eras, suggesting that competing causes of death due to a prostate cancer diagnosis in the pre-PSA era would not likely account fully for the inverse association observed. As a general matter, if the inverse association with prostate cancer is real, the relationship would suggest one of the following: a factor(s) that elevates prostate cancer risk and that lowers ALS risk; a factor(s) that reduces risk for prostate cancer and increases ALS risk; or a treatment(s) modality for prostate cancer that is protective against ALS. For example, one potential mechanism involves IGF-1, which is a putative risk factor for prostate cancer [2, 39, 40] , and has been under investigation for its possible therapeutic/protective effects on ALS [41] . IGF-1 is a growth regulator that plays a role in cell proliferation and inhibits apoptosis of prostate cancer cells [39] . Although clinical trials of IGF-1 have been largely negative for ALS [41, 42] , benefits were seen in organotypic [43] and transgenic ALS mouse models and continue to be of therapeutic interest [41] .
Among our study's strengths are its large size, with more than 2.7 million cancer cases, 1,206 deaths due to ALS, and more than 16 million person-years of follow-up. By using SEER registries, we also ensured comprehensive and unbiased ascertainment of cancer cases.
The study's chief limitation is its reliance on death certificates, not incidence data, for ALS outcomes. Because ALS is generally rapidly fatal, with a median survival of about 2-3 years from diagnosis [17] , death certificates are often used as surrogates for incidence data in epidemiology [44] . Studies have found that death certificates accurately identify ALS or motor neuron disease in 70-90 % of ALS cases [44] . Moreover, expected ALS case numbers were based on ALS mortality rates in the general population, which were also derived from death certificates. To the extent that the misclassification was nondifferential between cancer subjects and the general population, the effect would be to diminish the magnitude and significance of both adverse and inverse associations. If, however, a prior cancer diagnosis competes with ALS as a cause of death on the death certificate, the effect could bias associations downward. Thus, the underreporting of ALS would reduce the likelihood of false-positive results, but would undermine detecting true-positive associations as well.
By relying on death certificates for ALS outcomes, we could not evaluate prospectively the relationship between cancer and ALS diagnosis. However, the data allowed review of risk relationships where the cancer diagnoses preceded death by five or even C10 years, which-given the generally short survival of persons with ALS-reduced substantially the number of ALS diagnoses that likely preceded the cancer determinations. Another limitation is the lack of information regarding potential confounders, but insofar as there are few known risk factors for ALS (aside from age and gender, which were accounted for), the limitation is largely theoretical. Also, because we examined associations between multiple cancer sites and ALS mortality, our results should be interpreted with caution.
In summary, our study found a significantly elevated risk of ALS death among survivors of melanoma and survivors of tongue cancer, and these risks remained elevated across time intervals. We also found a significant inverse relationship between prostate cancer and ALS mortality. Future studies should attempt to confirm these associations using incident ALS outcomes. Establishing relationships between cancer and neurodegenerative disease such as ALS, which were previously thought to be unrelated, opens up new opportunities for understanding shared or related pathophysiologic processes and therapeutic possibilities across disease categories.
